Highly efficient production is discussed of nootkatone, the most important fragrant component of grapefruit and which possesses anti-obesity activity, from valencene, obtained from Valencia orange, by the green alga, Chlorella, and the fungi, Mucor, Botryospaeria and Botryodiplodia. The microorganisms introduce an oxygen atom at an allylic position to give secondary hydroxyl and keto groups. The presented methods are a cheap one step reaction, non-hazardous and very useful for the production of fragrant components from commercially available natural sesquiterpene hydrocarbons.
Chemical conversion of valencene (1) to nootkatone (3):
The most important and expensive grapefruit aroma, nootkatone (3), decreases the somatic fat ratio [13] , and, therefore, its highly efficient production has been requested by the cosmetic and fiber industrial sectors. Nootkatone (3) was chemically synthesized from valencene (1), a sesquiterpene hydrocarbon, in three steps with AcOOCMe 3 and chromic acid in low yield [14] , and using surfacefunctionalized silica supported by metal catalysts, such as Co 2+ and Mn
2+
, with tert-butyl hydroperoxide in 75% yield [15] . However, these synthetic methods are not safe because they involve toxic heavy metals. Therefore, an environmentally-friendly method for the synthesis of nootkatone must be designed which does not use any heavy metals such as chromium and manganese.
Micro algal transformation of valencene (1) to nootkatone (3):
Previously, valencene (1) was converted into nootkatone (3) by biotransformation using Enterobacter sp., but only in 12% yield [16] , Rodococcus KSM-5706 in 0.5% yield, with a complex mixture [17] , and cytochrome P450 (CYP450) in 20% yield, with other complex products [18] . The commercially available and cheap sesquiterpene hydrocarbon (+)-valencene, obtained from Valencia orange oil, was very efficiently converted into nootkatone (3) by biotransformation using the microalga Chlorella [19] , and the fungi Mucor sp. [20] , Botryospaeria dothidea and Botryodiplodia theobromae [21] [22] [23] .
Chlorella fusca var. vacuolata IAMC-28 was inoculated and cultivated while stationary under illumination in Noro medium: (+)-Valencene (1) (20 mg/50 mL) was added to the medium and biotransformed by Chlorella fusca var. vacuolata for 18 days to afford nootkatone (3) (GC-MS peak area: 89%; isolated yield: 63%) without 2-hydroxyvalencene (2a) and 2-hydroxyvalencene (nootkatol) (2b). The biotransformation of compound 1 was further carried out by C. pyrenoidosa, C. vulgaris [21, 22] , and soil bacteria [23] to give nootkatone in good yield ( Table 1) . The two intermediates, 2a and 2b were not found in the metabolites after 14 days. In the time course of the biotransformation of 1 by C. pyrenoidosa, nootkatone (3) occurred from day 4 of the experiment and reached a maximum after 8 days. The yield of nootkatone (3) 2-hydroxyvalencene (2a) increased with decreases in that of 1, and subsequently the yield of 3 increased with a decrease in that of 2b, as shown in Figure 1 .
In the metabolic pathway, valencene (1) was slowly converted into nootkatol (2b), which was subsequently rapidly converted into 3, as shown in Figure 2 .
The reduction of 3 with NaBH 4 and CeCl 3 gave 2-hydroxyvalencene (2a) in 87% yield, followed by Mitsunobu reaction with p-nitrobenzoic acid, triphenylphosphine, and diethyl azodicarboxylate to give nootkatol (2b), previously isolated from Alpinia oxyphylla [24] in 42% yield. Compounds 2a and 2b thus obtained were easily biotransformed by C. fusca and C. pyrenoidosa for only 1 day to give nootkatone (3) in 80-90% yields, respectively. 
Biotransformation of valencene (1) to nootkatone (3) by fungi:
A fungal strain, Mucor sp., from the soil, adhering to the thalloid liverwort Pallavicinia subciliata, was inoculated and cultivated while stationary in Czapek-pepton medium (pH 7.0) at 30 o C for 7 days. Compound 1 (20 mg/50 mL) was added to the medium and incubated for a further 7 days. Nootkatone (3) was then obtained in very high yield (82%), as shown in Table 1 [22, 23] .
The biotransformation from 1 to 3 was also examined using the plant pathogenic fungi Botryosphaeria dothidea and Botryodiplodia theobromae (a total of 31 strains) separated from fungi infecting various types of fruit. B. dothidea and B. theobromae were both inoculated and cultivated while stationary in Czapek-pepton medium (pH 7.0) at 30 o C for 7 days. The same size of substrate 1 was added to each medium and incubated for a further 7 days to obtain nootkatone (3) (42~84%) [22] . Nootkatone (3) was obtained in high yield by biotransformation of (+)-valencene (1), which can be cheaply obtained from Valencia oranges, by Chlorella species, and fungi such as Mucor species, B. dothidea, and B. theobromae. This is a very inexpensive and clean oxidation reaction which does not use any heavy metals, and thus this method is expected to find applications in the industrial production of nootkatone (3).
In order to obtain more efficient production of nootkatone (3), different fungi, such as Aspergillus niger, were used for microbial transformation of valencene (1) . A. niger was isolated in our laboratories from soil in Osaka prefecture, and was identified according to its physiological and morphological characters.
Valencene (1) was biotrasformed by A. niger in Czapek-pepton medium, for 5 days to afford six metabolites 4 (1.0 %), 5 and 6 (13.5%), 7 (1.1%), 8 (1.5%), 9 (2.0%), and 10 (0.7%), respectively. The ratio compound 5 (11S) to 6 (11R) was determined as 1: 3 by HPLC analysis of their thiocarbonates (11 and 12) [11] as shown in Figure 3 . A. wentii and Eurotrium purpurascens converted valencene (1) to its 11,12-epoxide (13a) and the same diol (5, 6) [25] , as well as nootkatone (3) and 2-hydroxyvalencene (2a) [26] . Kaspera et al. [27] reported that valencene (1) was incubated in submerged cultures of the ascomycete Chaetomium globosum to give nootkatone (3), 2-hydroxyvalencene (2a), and valencene 11,12-epoxide (13a), together with a valencene ketodiol, valencenediols, a valencene ketodiol, a valencene triol and valencene epoxydiol which were detected by LC-MS and GC/MS of trimethyl silyl derivatives. These metabolites are accumulated preferably inside the fungal cells. A. niger oxidized not only an allylic position at C-2 but also a double bond at C-11 and C-12 and nootkatone (3) was not obtained. On the other hand, A. wentii, E. purpurascens and Chaetomium sp. produced nootkatone (3) and nootkatols (2a, 2b), and their further oxidized compounds. The metabolites of valencene, 2a and 13a produced grapefruit with sour and citrus with bitter odor, respectively. Nootkatone 11,12-epoxide (13b) showed no volatile fragrant properties [27] .
